磁性絶縁体におけるマグノン-フォノン熱輸送とスピンゼーベック効果 by 吉川 貴史
Magnon and phonon thermal transport and spin





（別紙様式５）                                       
論 文 内 容 要 旨 
(NO．1) 
氏  名 吉川 貴史 提出年 平成 29 年 
学位論文の 
題   目 
 
 
Magnon and phonon thermal transport and spin Seebeck effects 






論 文 目 次 
 
1  Introduction                                                                            1 
1.1  Preface: Spintronics, spin current, and related phenomena . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 1 
1.1.1  Definition of spin current . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 3 
1.1.2  Conduction-electron spin current . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 4 
1.1.3  Magnon (spin-wave) spin current . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 5 
1.2  Elementary excitations in magnetic insulators . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 6 
1.2.1  Magnons . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 6 
1.2.2  Phonons . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 8 
1.2.3  Magnon polarons . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 11 
1.3  Spin current induced by magnetization dynamics . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 15 
1.3.1  Spin-transfer torque . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 15 
1.3.2  Spin pumping . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 17 
1.4  Spin Hall and inverse spin Hall effects . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 18 
1.4.1  Spin Hall effect . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 18 
1.4.2  Inverse spin Hall effect . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 20 
1.4.3  Anomalous Hall effect . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 23 
1.5  Spin caloritronics . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 24 
1.6  Spin Seebeck effect . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 29 
1.6.1  Introduction to spin Seebeck effect . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 29 
1.6.2  Fundamental experiment . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 31 
1.6.3  Theoretical essence of spin Seebeck effect . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 33 
1.6.4  Non-local spin Seebeck effect . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 38 
1.6.5  Spin Peltier effect . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 40 
1.7  Purpose and outline . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 42 
（別紙様式５）                                       
(NO．2) 
2  Sample preparation and measurement methods                                              45 
2.1  Sample preparation and characterization . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 45 
2.2  Properties of Y3Fe5O12 . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 51 
2.3  Measurement . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 59 
 
3  Separation of longitudinal spin Seebeck effect from anomalous Nernst effect induced by proximity 
ferromagnetism                                                                        61 
3.1  Magnetic proximity effects at Pt/Y3Fe5O12 interface . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 62 
3.2  Experimental method to separate spin Seebeck effect from anomalous Nernst effect . . . . . . . . . . . . . . . 63 
3.3  Results for Ni81Fe19/Gd3Ga5O12 and Pt/Gd3Ga5O12 sample systems . . . . . . . . . . . . . . . . . . . . . . . . . . . . 66 
3.4  Results for Pt/Y3Fe5O12 sample systems . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 68 
3.4.1  Comparison of voltage between in-plane magnetized and perpendicularly magnetized 
configurations . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 68 
3.4.2  Pt thickness dependence . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 70 
3.4.3  Estimation of proximity-induced anomalous Nernst effect using a model calculation . . . . . . . . 71 
3.5  Results for Au/Y3Fe5O12 and Au/Gd3Ga5O12 sample systems . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 74 
3.6  Results for Ni81Fe19/Y3Fe5O12 sample system . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 75 
3.7  Summary . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 76 
3.8  Appendix: Estimation of proximity-induced Pt magnetic moments via X-ray magnetic circular 
dichroism . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 77 
 
4  Critical suppression of spin Seebeck effect by high magnetic fields                              81 
4.1  Magnons in spin Seebeck effect . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 81 
4.2  High-magnetic-field response of spin Seebeck effect at room temperature . . . . . . . . . . . . . . . . . . . . . . . 82 
4.2.1  Spin Seebeck effect in Pt/ Y3Fe5O12-slab systems under high magnetic fields . . . . . . . . . . . . . . 83 
4.2.2  Metallic layer dependence of high-magnetic-field response of spin Seebeck effect . . . . . . . . . 85 
4.3  High-magnetic-field response of spin Seebeck effect at low temperatures . . . . . . . . . . . . . . . . . . . . . . . 87 
4.4  Effect of Y3Fe5O12 thickness on high-magnetic-field response of spin Seebeck effect . . . . . . . . . . . . . . 92 
4.5  Summary . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 96 
4.6  Appendix: Numerical calculation of magnetic field dependence of spin Seebeck effect . . . . . . . . . . . . 97 
 
5  Magnon-phonon hybridization in spin Seebeck effect                                         99 
5.1  Magnon and phonon dispersion relations in Y3Fe5O12 . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 99 
5.2  Observation of anomalies in magnetic field-dependent spin Seebeck voltage at low temperatures. . . . 101 
5.3  Theoretical interpretation on anomalies in spin Seebeck effect . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 105 
5.4  Effect of Bi substitution in Y3Fe5O12 on magnon-phonon hybridization in spin Seebeck effect . . . . . . 111 
5.5  Summary . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 118 
5.6  Appendix: Anomalies in magnetic field-dependent spin Seebeck voltage in Pt/Y3Fe5O12-slab  
（別紙様式５）                                       
(NO．3) 
system . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 119 
 
6  Conclusion                                                                           122 
 
Bibliography                                                                             125 
 
Acknowledgments                                                                        140 
 






























（別紙様式５）                                       
(NO．4) 
The spin Seebeck effect (SSE) refers to the generation of a spin current, i.e., a flow of spin angular momentum, 
as a result of a temperature gradient in a magnetic material. Here, the thermally generated spin current in a magnet 
is converted into a conduction-electron spin current in a paramagnetic metal attached to a magnet by the 
interfacial exchange interaction and detected as a transverse electric voltage via the inverse spin Hall effect 
(ISHE). The SSE is one of the phenomena discovered in the field of spin caloritronics, a new branch of spintronics, 
that focuses on the interaction between spin, charge, and heat currents in condensed-matter structures and devices. 
This thesis addresses the origin of the SSE in the longitudinal configuration [i.e., longitudinal SSE (LSSE)] for 
metallic-film/magnetic-insulator heterostructures. The central purpose of this thesis can be divided into two parts: 
(i) constructing a versatile method to separate the LSSE from the parasitic anomalous Nernst effect (ANE) 
induced by a static magnetic proximity effect (Chap. 3) and (ii) unraveling the role of magnon and phonon thermal 
excitations and transport in the SSE (Chaps. 4 and 5).  
This thesis consists of 6 chapters and is organized as follows. 
・Chapter 1 shows a brief history of spintronics and spin caloritronics and explains basic concepts and former 
studies which are necessary to understand the following Chapters. Besides, pioneering works and some research 
topics that have attracted much attention in spintronics are also introduced. 
・Chapter 2 describes the sample preparation, characterization, and measurement methods. Physical properties of 
Y3Fe5O12 (yttrium iron garnet: YIG), a ferrimagnetic insulator used in this study, are also overviewed in this 
Chapter.  
・Chapter 3 shows our proposal and demonstration to separate the LSSE from the parasitic ANE induced by a 
static magnetic proximity effect. 
In the field of spintronics and spin caloritronics, many experimental and theoretical studies have been focused 
on spin-transport phenomena in paramagnet/ferromagnet junction systems, where a spin current plays a central 
role. Since the first demonstration of spin-current transport in a magnetic insulator YIG in 2010, the Pt/YIG 
junction system has become one of the prototype samples; Pt is a paramagnetic metal exhibiting high ISHE 
efficiency due to its strong spin-orbit interaction, while YIG is a ferrimagnetic insulator with a high Curie 
temperature (~ 560 K) and extremely high resistivity. Therefore, this structure enables pure detection of 
spin-current phenomena free from conduction-electrons’ contribution in YIG.  
Recently, several research papers pointed out the possibility that the LSSE in this Pt/YIG system may be 
contaminated by the proximity-induced ANE, since Pt is near the Stoner ferromagnetic instability and proximity 
ferromagnetism may be induced in the Pt layer in the vicinity of the Pt/YIG interface. These reports raise the 
question whether or not the LSSE is merely the ANE: this is an essential issue in the fields of spintronics and spin 
caloritronics. This Chapter provides a clear answer to this question; we show conclusive evidence that the LSSE is 
an intrinsic phenomenon and completely different from the conventional ANE through comprehensive 
measurements in different temperature-gradient and magnetization configurations as well as a phenomenological 
model calculation. The methods demonstrated here provide a simple and versatile way to separate the LSSE from 
the ANE and to detect the pure LSSE signal, being useful for determining the origin of transverse thermoelectric 
voltage in various metal/insulator junction systems.  
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・Chapter 4 presents our systematic experimental results on the high-magnetic-field response of the LSSE at 
various temperatures, clarifying strong coupling of the SSE with thermal magnon excitation and propagation. 
The observation of the SSE in a ferrimagnetic insulator YIG in 2010 suggested that this phenomenon is 
attributed to nonequilibrium magnon dynamics driven by a temperature gradient and led to the development of 
SSE theories, in which its mechanism is explained by the thermally induced spin pumping by magnons in a 
ferromagnetic layer. However, microscopic understanding of the relation between the magnon excitation and 
thermally generated spin currents is yet to be established, and more systematic experimental studies are necessary. 
Here we focus on the high-magnetic-field response of the LSSE. We found that the magnitude of the SSE signal in 
metallic-film/YIG junction systems gradually decreases with increasing magnetic fields and converges to zero at 
low temperatures. This behavior is explained in terms of the suppression of thermally excited magnons in the 
presence of Zeeman gap in a magnon spectrum, indicating that the SSE is indeed originated from magnon spin 
currents. Furthermore, we reveal that the efficiency of thermo-spin conversion has magnon-frequency 
dependence; low-frequency magnons exhibiting long propagation lengths turn out to have a dominant contribution 
to the SSE. This spectral non-uniformity of the thermo-spin conversion is not taken into account in conventional 
SSE theories, leading to the development of spin-current physics and spin caloritronics.  
・ Chapter 5 demonstrates that the SSE can detect the hybridized magnon-phonon excitations, i.e., 
magnon-polaron formation, arising from the magnetoelastic coupling at the band (anti-)crossings between the 
magnon and phonon dispersion curves.  
One of the interesting features of the SSE is that this phenomenon provides a sensitive probe for spin 
correlations in magnetic materials as shown in Chap. 4. Here, we show that the SSE can probe not only spin 
dynamics but also phonon dynamics. A high-resolution field scan reveals the emergence of asymmetric peaks in 
the magnetic field dependence of the LSSE in Pt/YIG systems. Interestingly, the amplitude of the structures turns 
out to reflect the number of crossing points between magnon- and phonon-dispersion curves in momentum space 
at which magnon polarons are formed by the magnetoelastic interaction; the SSE anomalies coincide with 
magnetic fields tuned to the threshold of magnon-polaron formation. Experimental results are well reproduced by 
a Boltzmann theory in which the magnetoelastic coupling as well as an acoustic quality much better than a 
magnetic quality are taken into consideration. The sharp peak structures of the SSE are thereby attributed to the 
spin current carried by magnon polarons exhibiting longer lifetimes than pure magnons. Our finding unveils an 
unknown role of phonons in spintronics and spin caloritronics and demonstrates the power of the SSE as a 
spectroscopic tool for coupled magnon-phonon dynamics. 
・Chapter 6 is devoted to summarize our results and comment on their importance. 
The results obtained in this study are an important step towards a complete physical picture of the SSE in 
magnetic insulators. The measurement scheme established here provides a novel platform to exclusively detect the 
SSE and elucidate its underlying physics. This indeed contributed to the first observation of the effect of magnon 
excitations on thermally induced spin currents and led to the discovery of hybridized magnon-phonon excitations 
in the SSE signals. The crucial roles of magnons and phonons in thermal spin transport revealed here will provide 
new insights into spintronics and spin caloritronics and will open new avenues for developing future spintronic 
devices that utilize coupled magnon-phonon modes as efficient spin information carriers. 
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吉川貴史君論文審査の結果の要旨 
 
スピンゼーベック効果は、熱流からスピン流を生成する現象であり、スピンゼーベック効果と逆
スピンホール効果を組み合わせることで、磁性絶縁体からのスピン流生成や熱発電が可能になり、
エネルギー変換素子への応用も検討されている。本論文の目的は、固体中の素励起であるマグノ
ンやフォノンのダイナミクスがスピンゼーベック効果に与える影響を明らかにし、スピンゼーベ
ック効果を素励起ダイナミクスの立場から理解することである。 
 
本論文では、まずスピンゼーベック効果の定量的な測定方法を開発した。スピンゼーベック効果
においては磁性体/金属界面が不可欠であるが、熱起電力信号に界面における磁気近接効果が混入
する危険性が指摘されていた。本論文では、磁場方向及び熱流方向依存性の測定によりスピンゼ
ーベック信号と近接効果とを分離して評価可能であることを指摘し、実験的にこれを証明した。
次に、イットリウム鉄ガーネットを対象に極低温におけるスピンゼーベック効果測定を行ったと
ころ、強磁場領域で信号が急激に抑制されることを発見した。これはマグノンのゼーマンギャッ
プによるマグノン数抑制効果として理解できる。試料サイズが大きい場合、このような抑制効果
は室温付近でも観測されることを見出し、このデータの解析から、マグノンの寿命に強いエネル
ギー依存性があると結論した。更に、薄膜イットリウム鉄ガーネットのスピンゼーベック効果測
定を行い、特定の磁場で熱起電力がピークを示す現象を発見した。吉川氏は、この磁場がフォノ
ンとマグノンの分散が一点で接する磁場であることを見出し、系統的測定及び理論計算との比較
から、このピークがフォノン‐マグノン混成効果によるスピンゼーベック効果の増強であること
を示した。この増強効果の組成依存性の研究を行うことで、フォノン‐マグノン混成効果の効い
た熱スピン流生成の学理を構築した。 
 
吉川貴史氏提出の論文は、磁性絶縁体中のスピン角運動量輸送機構をマグノンやフォノン、及び
それらの混成状態によって精密に理解できることを示したもので、素励起に基づくスピン流科学
分野を切り拓くものであり、学問的に高く評価される。この成果は、提出者の吉川貴史氏が高度
の学識と自立して研究する能力があることを示すと判定される。よって、博士（理学）の学位論
文として合格と認める。  
